We present the description of the FAKERAT software developed for planning Very Long Baseline Interferometry observations from space (space-VLBI). The results of the planned observations using the FAKERAT package during the first two years after launch of the space radio telescope (SRT) in the space-ground interferometer modes are reported.
Introduction
During the first two years the space radio observatory was operated according to the Early Science Program (ESP) of the RadioAstron project [Avdeev et.al. 2012 , Kardashev et.al. 2013 . During that stage, the FAKERAT software was tested along with testing the on-board scientific complex. This software may be of interest to potential users who wishe to simulate RadioAstron observation, taking into account structural constraints on spacecraft (SC) orientation. Science observations with the RadioAstron SRT are possible only when communication with the ground tracking station 1 for data transfer and frequency synchronization is in operation. These constraints may make it impossible for SRT to observe a given source under certain conditions. As a result of simulating, the information about the possibility of carrying out interferometric sessions for each particular object may be taken. The simulation takes into account the detailes of the defined scientific task, observation duration, observation date, wavelength range, projection of the interferometer baseline and (u,v)-coverage.
FAKERAT is based on the programs included into "Caltech VLBI Analysis Program" package developed by T.J. Pearson (Caltech) in 1979 in order to support planning and analysis of interferometric observations in experiments with ground baselines. In 1983 D.L. Meier (NASA Jet Propulsion Laboratory (JPL)), added the ability to simulate space VLBI experiments as part of the QUASAT mission development. The software was further developed by D.W. Murphy (JPL) [Murphy 1991 , Murphy 2006 . He introduced functional constraints for the space radio telescope VSOP specifically designed for interferometry and added graphical interface. Graphical interface significantly simplified the work related to the experiment planning and analysis of scientific perspectives on interferometric observations. During that stage of software development the FAKESAT package was created. The software was written in FORTRAN and runs on both SUN and HP workstations. It should be relatively easy implemented for UNIX platforms.
In spring of 2011, half a year before RadioAstron launch, we modified FAKESAT taking into account necessary constraints and other peculiarities of the RadioAstron project. Modification included the full replacement of the orbital block. In new orbital block we considered perturbation of orbital elements, introduced new functional constraints specified by orientation SC, the ground tracking and scientific data acquisition station and changed graphical interface to make software more easy to use.
Binary and source code of the modified version known as FAKERAT 2 is available on the ASC FIAN website 3 . Installation and usage instructions can be found in RadioAstron User Handbook 4 .
Orbital Motion of the Spacecraft
In FAKERAT, the orbital motion of the spacecraft is described by the table of x, y, z coordinate values and components of v x , v y , v z velocity vector in the geocentric coordinate system. Geocentric coordinates and orbital velocities as a function of time are calculated in Keldysh Institute of Applied Mathematics, Russian Academy of Sciences (IAM RAN). Orbital motion depends on external forces acting on the spacecraft. Not all orbit perturbations including influence of the Sun and Moon are defined a priori with fine precision. The deviation can also arise under the influence of the forces generated by the equipment of SC. For example, it appears due to reactive forces of stabilizing system engines when unloading gyroscopes. Therefore, approximately once every 2-3 months IAM RAN provides new refined tabular values of coordinates and velocities for SC. It is also important to specify orbit after its correction. Fortunately, such manipulations with SC should be done seldom.
In order to get response of an interferometer, it is necessary to know the most precise values of SC coordinates and velocities. It is not an easy task, and, as a rule, orbital calculation for the correlator is limited by the duration of the observations. Positional accuracy of reconstructed orbit for the data processing in the correlator must be no worse than ±500 m and velocity accuracy no worse than ±2 cm/c in the three coordinates. More detailed information about orbit reconstruction can be found in [Avdeev et.al. 2012 , Kardashev et.al. 2013 . Accuracy requirements for orbital elements in FAKERAT package are by 1.5-2 times less. It allows us to make prediction of the orbit for 5-6 years ahead, which is especially important for planning future observations. The calculation of the evolution of six orbital elements until the middle of 2019 is shown in Fig. 1 . We can see, that due to the impact of the perturbations the length of the major semi-axis changes from 170000 km to 200000 km, eccentricity -from 0.57 to 0.97, and orbit inclination -from 0
• .4 to 84
• . There are several derived parameters: a(1+e) is the orbit apocenter, a(1 − e) is the orbit pericenter, and P is the rotation period. The rotation period with known the length of the major semi-axis is given by:
where µ = 3.986 · 10 5 km 3 /c 2 is a coefficient equal to the product of the gravitational constant and the Earth mass.
According to the Equation (1) and prediction model of the evolution of orbital elements given in Fig. 1 , rotation period will vary from 8.3 to 9.2 days until 2017, and after 2017 its maximum value will increase up to 10.2 days.
The table of coordinate values and components of velocity vector is necessary for FAKERAT to know SC coordinates and velocities at intermediate time points relative to their tabulated values. To obtain such values, we approximate orbit using ellipse with the center of gravity of the Earth at one of its focuses. Here we took into consideration that values of x, y, z, v x , v y and y z at any point of the orbit identically related to the solution of Kepler's equation. Each new line of the table gives new improved orbital approximation. Major semi-axis of an ellipse, eccentricity, ellipse orientation in space, and also SC localization on the orbit were defined by six above-mentioned values. Orbital plane is defined by the orbit inclination and longitude of the ascending node. Pericenter is defined by the angular distance from the ascending node to the orbital pericenter in the direction of SC motion. Timing is defined by moment of passing SC through the pericenter. Angular distance of any point in the orbit is defined relative to the pericenter:
where θ is the true anomaly of this arbitrary point. And finally, form and size of the orbit are defined by the major semi-axis and the eccentricity. Filling (u,v)-coverage is mostly defined by the values of the orbital elements. High-elliptical orbit was chosen in order to get ultra-high angular resolution of the objects. The decrease in the degree of filling (u,v)-coverage was supposed to be compensated by orbital evolution under the influence of perturbation from Sun and Moon. It is worthwhile to say that maximum angular resolution is achieved in the direction of normal line towards the orbit plane (see Fig. 2 ). Coordinates of normal lines for the northern and southern celestial hemisphere are defined by the following expressions: (Ω-90
• , 90
• -i) and (Ω+90 • , i-90 • ) respectively. Sources in the areas close to the normal line towards the plane in the southern celestial hemisphere are rarely observed due to the functional constraints.
In Fig. 2 normal lines towards the plane are marked as ♥ N . In observations of radio sources in the areas close to the normal line, (u,v)-tracks have elliptical structure. This structure contains big gaps. Due to orbit evolution the same sources my be located at one epoch close to the normal, and at other epoch close to the orbit plane. As a result gaps in (u,v)-tracks can be reduces. This reduction takes place due to the simultaneous degradation of angular resolution of the source. In extreme case, when the source is in the orbital plane, i.e. if the distance from the source to the normal line is 90
• , (u,v)-tracks have linear structure. A more detailed description of Fig. 2 will be given below.
Spacecraft Constraints
There are a number of constraints for SC which make technically impossible to provide observations. Those constraints are given below.
Thermal Constraints
Observations are not permitted:
• if the angle between SRT electric axis (X) and direction towards SUN center is less than 90
• ;
• if the angle between SRT electric axis and direction towards SUN center is more than 165
• if the distance from Earth center to SC is less than 20000 km and a radio source is located at the angular distance less than 30
• from the center of Earth's disk.
Constraints Connected with the Solar Battery Panel
The angle between the normal to the solar panels plane and the direction to the Sun must not exceed 10
• . Solar panels can be rotated around the rotation Y-axis only.
Constraints Connected with the Earth and the Moon.
• if the distance from the radio source to the nearest edge of the Earth is less than 5
• if the distance from the radio source to the center of the Moon's disk is less than 5
• .
Constraints Connected with Star Sensors
On-board control system includes three star sensors (AX1, AX2 and AX3). In normal mode, only two of them are required. The optical axes of two star sensors (AX1) and (AX2) are placed in the semi-plane turned around the axis parallel to the rotation axis of the solar battery panely (Y) at 15
• from the semi-plane YOZ in the direction -X axis, and angle between the AX1 and the -OY axes is 45
• and the same angle exist between the AX2 and the +OY axes. The axis of the third star sensor (AX3) is located in the semi-plane XOZ with an inclination from the -X axis by 30
• in the direction of the -Z axis. The defined above coordinate system is right-handed and orthogonal. The angle between the axes of each of the two working star sensors and an interfering celestial body should exceed: for Sun -40
• (from the Sun center); for Moon -30
• (from the Moon center); for Earth -30
• (from the nearest edge of Earth). When calculating ψ and ϑ angles, anyone should take into account δ 1 and δ 2 angles of the actual electric axis of HGCA. Where δ 1 -angular deviation of HGCA electric axis from the plane XOY and δ 2 -angular deviation of HGCA electric axis onto the plane XOY from "OX" axis. Positive direction of δ 1 is towards "-OZ" axis and positive direction of δ 2 is towards "OY". When drive angles (ψ and ϑ) are equal to zero δ 1 =14
Constraints Connected with
• .67 and δ 2 =0
• . Let us assume that r is a unit radius-vector of GTS point in the on-board coordinate system. Then the following algorithm is implemented:
and condition according to which ψ and ϑ angles belong to the operating range is checked:
The right-handed coordinate system is accepted for positive direction of HGCA drive rotation.
Constraints Connected with the Ground Tracking and Scientific Data Acquisition Station
Scientific and service information in the project RadioAstron is received by means of 22 meter ground radio telescope of the Puschino Radio Astronomical Observatory (PRAO). The radio telescope should ensure that SRT tracking is performed during the communication session. As it was mentioned above, now it is possible to use the ground tracking station Green Bank with the 43-m radio telescope. Permitted range of GTS rotation angles in Puschino was specified during ESP: azimuth A -from 6
• to 354
• and height h -from 10
• to 84
• . Permitted range of 43 m radio telescope limited azimuth angles from 82
• .5 to 277
• .5 and the height must be greater then 11
• . Fig. 3 shows twelve areas for observations on the celestial sphere in increments of one month. In order to receive this image, we scanned the celestial sphere with a step in right ascension 30 minute and declination -4
Season Variations of Available Sky Area
• . The possibility of making observations using RadioAstron spacecraft and co-observing ground radio telescopes (Table 1) for each node was checked. Necessary integration time was at least one hour.
We note that area accessible for observation decreases when Sun moves from the southern to the northern hemisphere. This is primarily due to the functional constraints, providing normal thermal conditions, and the possibility of HGCA pointing to the ground tracking antenna.
As it is shown in this figure, some sources can be observed only at the specific time of year and repeated observations are possible again in a year. According to FAKERAT, the northern sources can be observed within 3-4 months/year, and southern -only within 2 months/year or less. 
Strategy of Using FAKERAT Package
At the present time FAKERAT with graphical interface is working on Linux workstations. To start FAKERAT it is necessary to run Shell script which set environment variables required for running libraries of PGPLOT graphical package. An X Window dialog box will appear for the user to run FAKERAT software. All entered parameters by means of the graphical interface are saved and transferred to the other programs, the copy of which is stored in menu defaults.1 file. After starting FAKERAT a user has a number of possibilities for simulate VLBI ground-space observations. First two years of working with FAKERAT showed that the most popular options are follows: (u,v)-coverage as a function of right ascension and declination the whole celestial sphere for a given epoch (all-sky uvplot), time evolution of (u,v)-coverage for a given source, at equally intervals time (time-uvplot), image of (u,v)-coverage for given source (uvplot), and test constrains on date planning observations (constraints).
Below is list of main actions that should be performed before modeling VLBI observation:
• connect orbit to the FAKERAT package (i.e. in orbit directory of the FAKERAT package should be given a symbolic link ra orbit to the chosen orbit;
• choose a tracking station for data transfer (tracking station: PUSCHINO OR GBANK-5);
• set the observation date (obs-year, obs-month and obs-day);
• set the start time of observations (star hh:mm:ss);
• set the end time of observations (stop hh:mm:ss);
• set the receiver's frequency (observing band);
• set the integration time (τ (s));
• specify radio source (source);
• set the right ascension (RA hh:mm:ss.ss) and declination (Dec dd:mm:ss.ss), and • choose ground radio telescopes (telescopes).
Before starting the work, a user should set the time period when the observation is possible to perform. This task may be done using two options: all-sky uvplot and time-uvplot. In case if observation is impossible, user can find out the reasons using constraints option. Typical (u,v)-coverage of grid points for the all celestial sphere when the Sun is in the northern part and in the southern part of celestial sphere are presented be displayed in Fig. 2 . In this examples -band (see below), and GTS in Puschino were used. The list of the ground telescopes is given in the upper part of the each figure. In the figure, you can see the areas of the celestial sphere that are not possible to observe due constraints. The projections of the Galaxy plane (GP) and the SC orbital plane onto the celestial sphere are given. Apocenter and pericenter of the SC orbit are marked as ♥ A and ♥ P respectively. Once again, from a comparison of these two figures one can see that, when the Sun is in the northern part of celestial sphere, there are significant constraints connected with both the Sun and on the capability to point HGCA to GTS.
The ground radio telescopes involved into space-VLBI experiments during ESP stage are shown in Table 1 . Sensitivity of two radio telescopes in interferometric mode can be estimated as follows:
where ψ is an efficiency factor with respect to the unquantized case, τ is integration time in sec., B is the receiver bandwidth in Hz, SEF D i,j is the system equivalent flux densities for i and j of the radio telescope in Jy, respectively. For combination of levels with one-bit (space radio telescope) and two-bit (ground radio telescope) clipped signals ξ = 0.67, and for two two-bit clipped signals (two ground radio telescopes) ξ = 0.881. We assumed that signal is registered at the Nyquist frequency. SEF D values are given in Table 1 .
Frequency Specification of On-board System of Receivers 7 Conclusion
About 600 interferometric sessions of RadioAstron project at all four operational wavelengths were planned and successfully observed by the end of June 2013. All planning was done using FAKERAT package, including the first test observations of the Moon. When Moon observation was planned, some SC functional constraints in the FAKERAT package have been violated. Total time of the scientific observations during this period was more than 712 hours.
